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Subscripts  ' 

coniiKton  of  zero  heat  transfer  by  conduction 
c  coolant 

0  zero  Injection  value,  length  of  solid  tip 

t  transition 

w  conditions  at  surface  of  model 

conditions  at  outer  “doe  of  boundary  layer 
®  conditions  in  undisturbed  freestream  ahead  of  model  Shock  wave 

T  tunnel 

r,  nozzle 

s  solid  or  parent  riaterlal 

m  measured  value  or  coolant  stagnation  value 

X  conditions  at  position  x 


Sucorser lots 

I  blowing  rates  defined  In  Equation  IA-?)  multiplied  by  the  fact 


*  conditions  at  sonic  orifice 

.  uniform  Injection  mass  flux 


I::TnOOliCTION 

f.'ass  effusion  methods  are  currently  being  utilized  for  protecting 
surfaces  expor.e  ;  >n  Intense  forced  convective  htiiting,  a  problem  which 
occurs  in  man^  new  engineering  applications.  In  particular,  the  application 
of  effusion  cooling  methods  to  the  forward  areas  of  high-speed  aircraft 
and  missiles  has  stimulated  research  on  the  basic  processes  of  these  cooling 
techniques. 

The  primary  characteristic  of  the  several  proposed  methods  Is  that  a 
mass  flow  of  gas  away  from  the  surface  simultaneously  Influences  the  develop¬ 
ment  from  the  velocity,  temperature,  and  diffusion  boundary  layers.  This 
feature  distinguishes  effusion  techniques  from  conventional  cooling  methods 
which  depend  on  either  a  high  thermal  capacity  heaf  sink  within  the  structure 
or  a  heat  pump  system  located  at  the  Inner  surface  of  ihe  skin.  The  coolant  may 
be  a  JOS,  or  a  solid  or  slurry  ..hich  decomposes  to  form  a  gas,  or  a  liquid 
which  forms  a  film  on  the  surface  and  eventually  evaporates  Into  the  boundary 
layer. 

Film  cooling  maybe  described  as  the  Injection  through  a  porous  strip 
or  slot  of  a  liquid  or  gas  wliich  blankets  the  solid  surface  downstream  of  It. 
Transpiration  cooling  refers  to  the  injection  through  on  extended  porous 
surface  of  a  gas  which  has  the  same  thermodynamic  properties  as  the  main 
stream.  Vasa  transfer  cooling  Is  similar  to  transpiration  cooling  except 
the  coolant  has  thermodynamic  properties  differing  sufficiently  from  the 
exterior  stream  so  thnt  the  dl f fusion  process  must  be  taken  Into  account. 

Since  u'l  surface  effusion  cooling  techntoues  have  the  common  feature 
of  a  mass  flow  of  a  coolant  gas  flowing  away  from  the  surface  to  be  cooled, 
porous  wall  experimental  Investigations  are  of  general  Interest  since  this 
effect  is  Isolaled  and  controllable.  Porous  wall  mass  transfer  cooling 
requires  the  pumping  of  o  coolant  through  a  porous  surface.  Such  a  system 
is  basically  efficient  because!  Ill  the  flow  passages  within  the  porous  skin 
possess  a  large  surface  ares  and  are  extremely  tortuous,  providng  an  efficient 
heat  exchange  between  the  coolant  end  the  skin?  and  12)  simultaneous  Injection 
and  diffusion  phenomena  significantly  reduced  the  amount  of  heat  entering 
the  body.  In  addition  to  the  attractive  possibility  of  significantly  lower¬ 
ing  the  heat  Inputs  end  equilibrium  temperatures  of  the  body,  the  Ismlnst 
stability  of  the  boundary  layer  mey  he  iltered  by  modifications  cf  the  flow 
profiles  and  the  boundary  layer  fluid  properties. 

The  thermal  properties  of  gases  depend  primarily  on  the  molecular  weight. 

It  has  been  shown  that  the  surface  friction  and  heat  transfer  characteristics 
are  quite  different  when  the  Injected  coolant  gas  has  properties  differing 
widely  from  the  main  flow.  For  these  reasons  nitrogen  and  helium  were  used 
as  the  coolant  gas  because  these  choices  result  In  molecular  weight  ratio* 
of  approximately  Ml  and  M7  when  compered  to  elr. 
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This  paper  presents  an  crtensJan  of  the  experimental  reseerrr  vv;'k  in 
(T;iss  transfer  cociinn  effects  carried  out  at  the  Roseinounf  Aercnj  '';a: 
Laboratories  during  the  last  few  years.  The  present  results  inckde 

i  nve-".  ■  ■  :jat  i  ons  of  the  laminar  stability  with  nitrogen  end  re''jm 
njection  an-;  a.,  experimental  Investigation  of  thes^  coolants  on  the  Tra' 
trar  s-'sr  character  i  st  ics  of  a  16°  conical  model  at  a  freestream  Mach 
number  of  .  • 

OUTLIHE  OF  CuqRtUT  INVESTIGATIONS 


There  were  two  orincipal  objectives  to  the  current  wcrk.  An  ’nitia! 
LfVRAL  investigation  of  the  thernal  etf,.cts  of  gaseous  injection  on  the 
stability  o'  the  cover’ng  laminar  boundary  layer  was  restricted  to  helium 
in  lection  at  a'single'  injection  rate^.  In  the  present  investigation  this 
was  expanded  to  include  nitrogen  injection  and' cover  a  laere  complete  range 
of  wal l_fo-stagnat ion  temperature  ratios  for  both  ccolant  gases.  In 
another  prev'ious  Ua'RAL  invest  iootion  of  heat  transfer  chera;;..'  sties  *he 
range  of  blowino  rates  used  was  restricted  by  the  apparatus  to  rather 
moderate  levels^.  It  was  the  purpose  of  the  second  portion  of  this 
investigation  to  extend  the  range  of  blowing  rates  to  include  the  entire 
range  o'  interest.  Turbulent  flow  Inveslfgat'ons  were  excluded  because 
of  the  lack  of  effective  turbulence  trips  at  Mach  number  !. 


qOUNOARY  layer  TRANSITION  WITH  GAS  INJECTION 

In  any  practica'  aerodynamic  application,  a  great  uncertainty  lies 
in  predicting  and  controlling  the  location  of  the  boundary  layer  transit ^5r.. 
One  must  rely  wholly  on  available  experimental  information  and  therefore 
the  probability  of  finding  data  applicable  to  the  situation.  Only  the 
subsonic  data  of  Reference  5  and  the  preliminary  UMRAL  studies  (Reference  3) 
existed  at  the  cxjtset  of  this  program.  This  pair  of  data  agreed  qua!  itatively 
as  to  the  destabi I Izing  effects  of  Injection  but  disagreed  merkedly  as  to 
the  magnitude  of  the  effect  (si.  The  question  arises  as  to  whether  I'xtensive 
regions  of  laminar  flaw  can  exist  with  finite  injcotion  rates  through 
sN'uilvf-a!  suitable  porous  pistes.  The  surface  roughness,  cf  such  msterisis 
may  prove  to  ba  an  obstacle  -  In  certain  situations  the  existence  of 
d'scrcte  jets  of  coclant  issuing  from  the  finite  openirg  may  produce 
premnlgre  transition.  Experimentally  one  finds  that  a  relatively  sharp 
transition  from  laminar  to  turbulent  flow  still  takes  piece  when  Injection 
is  utilized  end  that  this  pattern  oscillates  on  the  surface.  One  feels 
the  fransition  atist  be  governed  by  the  deteli.ed  character  of  the  flow 
which  is  related  to  the  history  of  the  fluid  pertie'es  as  they  progress 
int.j  tne  transition  region,  and,  therefore,  must  be  sensitive  '.o  the 
distributed  nature  of  such  disturbances. 


The  mathematical  model  of  transition  is  anything  but  secure  s:, 
present.  The  Tcl Imien.Schl icht ing  theory  of  laminar  boundary  layf"  In- 
slahi I i t!es*»^  has  deen  proposed  os  one  mechanism  leading  evsniualty  ro 


f  ion.  It  *s  postulated  that  very  snail'  ?-a  imensl  onal  d!  s'. -Dances 
will  Be  amplified  selectively  according  to  t'equency  if  the  f ' :w  Reynolds 
number  is  high  enough.  The  large  oscillations  produced  may  in^e-act  end 
the  'low  will  he  nroken  up  into  turhi.ilent  vortices.  The  ana'ysis  's  unahie 
to  predict  the  Reynolds  number  of  transition  from  laminar  to  turou'erv  flow 
because  of  limitations  on  'the  equations  of  notion  used.  The  moi*  interest¬ 
ing  pcint  of  practical  importance  in  conufection  with  this  analysis  is  the 
predicted  existence,  with'n  a  certain  wach  numoer  and  surface  temperature 
range,  of  a  completely  stable  laminar  boundary  layer®.  One  nwst  regard  tne 
guant  i  idt 've  results  of  stability  analyse, s  with  caution  since  the  analysis 
has  been  i'Mehri;ed  and  is  based  on  smal!  ^-dimensional  disturbances.  In 
reality,  supersonic  wind  tunnel s  •anc  conical  models  may  generate  disturbances 
which  are  neither  small  nor  2— dimensional ,  The  analysis  o.  Ounn  and  Lin- 
Indicates  that  for  3-dimehsional  disturbances,  cooling  should  increase  the 
transition  Reynolds  number  but  no  region  of  infinite  stability  vas  found 
to  exist. 

Low  speed  experiments  on  porous  flat  plates  revealed  that  mess  addition 
has  a  significant  effect  on  producting  premature  transi tion^i'O.  Since 
fluid  injection  has  a  destabll i?lng  effect,  while  surface  cnnling  appears 
to  be  stabilizing.  It  Is  Important  tp  perform  stability  calculations  to 
determine  which  effect  is  dominant.  Low"  and  others'^*'^  have  perfont.ed 
the  calculations  for  air  injection  using  the  stability  equations  of  Dunn 
and  Lln^^.  The  results  show  that  the  surface  must  be  cooled  to  lower 
surface  temperatures  in  order  to  obtain  complete  stability  as  the  Injection 
rate  is  Increased.  Baron'^  and  Covert*'^  have  estimated  binary  stability 
limits  fo”  air,  helium,  and  carbon  dioxide  Injection  which  reveal  qualitatively 
the  same  results.  That  Is,  at  moderate  Mach  numbers,  the  required  surface 
temperatu'-es  for  com-pi'te  stabilization  with  the  Injection  of  air,  helium, 
and  carbon  dioxide  are.  In  general,  slightly  lower  than  the  solid  surface 
requ iremwnK  ea leu  I ated  by  van  Driest*'. 

In  Reference  3,  work  done  at  the  Rosemount  Aeronautical  Labofator lea 
ftCdt  thC  P$y^O!dS 

numbers  do  decrease  with  Increased  In ject Ion, t ini t iai I y  more  rapidly  (er 
helium  than  for  air),  but  the  percentage  decreases  are  not  Isrse  fer 
injection  rates  which  theoretically  produce  significant  coolant  effects. 

In  that  study  attempts  to  Investigate  tne  effects  of  extremely  low  temper¬ 
ature  air  Injection  upon  boundary  layer  transition  failed  because  cf  water 
vapor  condensation  in  f  e  coolant  ducts.  Th.s  problem  was  eliminated  In 
the  present  studies  through  the  use  of  dry  nitrogen. 


EXFERI'*E>;TAj.  rACiLiTY 


The  corn-'essed  a‘r  in^tdllation  consisTs  ot  five  perollel-connected, 
e!ecfricanv-!riven,  reciprocar ing,  i-stage  air  compressors  with  a 
total  rating  ■of  3R0C  horf-epower  which  a  may.urjr-.  delivery  rate  of 

','^.7  po’jr.ds  per  second  at  110  psig.  The  vacuum  system  consists  of 
seven  rotary-vane  pumps  d-iven  by  four  250  horsepower  induction  motors. 
Compressed  air  for  the  wind  tunnel  con  be  routed  through  an  electric 
heater  bank  to  provide  stagnation  temperatures  up  to  450**F  at  II 
■pounds  per  secor.d.  The  supersonic  continuous  wind  tunnel  has  e 
fi  X  9-inch  test  section  with  a  .•‘ach  number  range  of  1.5  to  5,7  iTIgure  It, 
At  a  Wach  number  o'  5,  it  operatos  continuously  over  a  Reynolds  number 
per  inch  range  of  0, 1  a  x  10®  lo  0.01  x  10®,  The  tunnel  is  eguipped 
with  a  var labie-aroB  diffuser  with  three  throat  positions.  The  total 
temperature  of  the  air  stream  is  sensed  by  seven  thermocouples  In  the 
stagnation  chamber.  The  tunnel  is  eguipped  with  t -ctaiigij I tr  optical 
windows  M-i/?  X  fi-inches  ii  sl?e.  During  the  present  Investigation 
the  wind  tunnel  was  relocated  in  a  now  building  designed  specifically 
for  combustion  work.  This' was  done  io  order  to  extend  the  mass  transfer 
studies  to  include  hydrogen  injection  with  combustl  -n,  ThuS(  the  new 
bulldino  was  des’gnjd  with  particular  emphasis  oh  the  safety  of  the 
operating  personnel,  The  building  contains  a  wind  tunnelt  9  combustion 
test  cell,  no  two  control  rooms  (Figure  2),  9eln*orced  concrete  walls 
separate  the  tunnel  cells  from  the  control  rooms  and  Hercullte  glass 
l.l/4-inch  thick  Is  used  as  viewing  ports.  One  wall  and  the  roof  of 
each  cell  Is  of  light  construct  I  c.n,  .facilitating  ensy  blow-off  In 
the  event  of  an  exp  I  us  ion.  Further  details  of  the  facility  are 
avallaole  In  References  I  end  ?. 

The  Porous  Core  -  Transltlin  ffo'del 

The  porous  test  model  used  In  ‘his  investigation  IFIgure  5)  was 
a  Ifi®  cone  of  sintered  type  316  dtalnlcss  steel  powder  (5  micron 
particle  st.^opage),  Th*  avera.je  wall  thickness  wss  0,0'28-inch,  The 
cone  had  a  solid  steel  tip  one  i.nch  long.  The  mode!  slant  height 
was  14,7-Inches  and  had  a  b.nne  diameter  of  4,  l-In-hee,  The  density 
of  the  cone  surface  material  was  approxi.nately  245  pounds  per  cubic 
foot  with  an  8.»e.'age  relative  density  of  0^55,  Of  a  total  none 
surface  area  of  C.660  square  feet,  0.635  square  feet  was  porous. 

The  cone  shell  was  fabricated  by  Connecticut  tfotals,  Incorporatcfi, 

'■'erlden,  Connecticut,  'the  permeability  distribution  was  built  tnto 
a  flat  sheet  ot  10  x  21-lneh  dimensions  through  the  use  of  contoured 
dies.  The  sheet  was  sintered,  cross-rolled,  and  pressed  to  obtain 
a  smoother  outside  surface,  and  resIntered.  The  finished  sheet  was 
rolled  Into  Its  final  conical  shape  using  standard  sheet  metal  forming 
techniques  and  welded  along  a  single  ray.  The  3/ 1 6- loch  seam  was 
hand  fini.shed  to  conform  to  the  conical  contour,  A  3-Inch  circular 
sector  porous  insert  was  required  to  complete  the  contour  IFigure  4), 
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perm!itira  an  r.:c-rr\ai  jac''»t.  The  k^af  axchsoger,  supply 

^ub'nn,  arrl  sc,-  '.-,  'v-’fic?  itrf  usic  fcr  tc*n  the  trar^t'tlcn  enfl 
tie  1}  tfan*:fe-  i.tuii'e5.  Atunihur  safety  were  irftatied  In 

thn  syete"'  '?  c.'even!  »t-e  pressure  b’'!t<l-up  resu'ttng  from  the 
■-vapo.'al'o.i  t'  "c, •.}'.(}  ni'i'pgrr’  forrned  Inside  the  cdis  of  the 
!  \r.  'ti  tr.'O'  ii  *  at  n, 

$>r»  paie(,i.i  it'osei.  «as  used  in  connect  ten  with  a  I'quid 
nItrerieT  ba'h,  sci’f  't’r  qaceous  nitreqen  was  liqu’f'ed  in  passing 
through-  't.i-  tr.'h  at  t.tghe-  pressures.  Tae  n.axtmom  stagnatlen  pressure 
thr  nas":  ' ' ;  was  -esfri  ‘‘d  't  st'ghtt)  tetevv  aimnephpr’c 

presii.r^,  f'xed  •naxi'r.m  ir,je'*toi.  •‘'-‘k,  Ite  ortt'ijik  diamaler 

cs-.‘!rl  thf  te  .-t*  '  e  ••  ?  uefl  Th#  actua*  u"if'ce  ciameter  (d  -  O, '  p'’- I  nch) 
was  tr, _e,  (,  yo*  tn‘..rc-s.'!,pe  eg.'tpped  w'th  a 

ca  I '  Prat',  re  ■  i-  '  •• : 

The  f'o.t  me’  ir  staoaaf’or  teinper  atti -es  could  be  set  to  wl*t\ln 
•j  degree-.  -, f  ary  tie*'re,->  ‘“'nperavure  between  TOO'^F  and  -500®F.  The 
tc 'pera tore  iner  be  fr'al.-.taine.t  to  w'lh’n  one  degree  of  tno  set 

v'liue  Ih -''i.oh  the  'ue.  ConVot  of  the  tiow  refer  stngntSMon  pressure 
■  .  X  ■ji  -ti'a-’c  by  the  I'.e  o<  a  peratlei  set  of  f ’ne-thread,  rtftMr- 
fc-ht'iit,  r  e-tty  wa!v*s,  'his  ve* ve-staging  system  alloved  control 
cf  ttif  coolant  SLpp'y  pressure  tv,  ■♦■  O.OQ-Inchcs  cf  mercury  thrbugho-jt 
earn  run. 

The  pr.clograph’c  obser vat '.ons  employed  an  AIRCOft  double  pa^h 
schJ'eren  system.  Flash  mirations  of  !  microsecond  were  used  with 
the  C,G,f.  X  flash  !amp.  Inteiisity  variations  ware  tjsslh'* 
due  to  the  two  spark  eapactt<,r»  of  0.  Ip-F  ano  0.9|i.F. 

Preliminary  Resu'ts 

Actu.s!  dttrpfipn  of  trensltion  wa«  hy  tnxnertinn  a*  futl-glye 
shadowgraph  photographs.  This  technique  proved  to  bo  mere  successful 
than  tistnu  entarged  doubto-pa'Ti  schtferen  photc^aphs,  A  e-ompromlst 
had  to  be  made  t»fwvf- 1  ihe  *>.nn», *  stagnation  pressure  'to  bo  mavlmlred 
In  this  case  If  the  deosity  prof  I 'e  curvature  is  to  be  observed  with 
a  shadowgraph’  m’«imi?ed  tte  pro<hjce  the  raxlrwm  length  of  laminar 
flow  elorg  e  c-jn’ea!  surface).  'The  funnel  Reynolds  number  per  Inch 
selected  was  0.36  x  '0^'  whi-.h'  did  not  permit  the  maxlirwm  length  of 
laminar  flew  a’o.ig  tne  model.  Nearly  true  size  model  Images  resttlted. 
The  use  of  a  '  I  >■  !  4-Inch  X.ray  film  and  Kndabromlde»5  high  contrast 
phot-ographlc  paper  resutfed  In  easily  rera  prints.  Using  these 
techniouts  t-e  srrer  'n  transition  •r,caMen  .  x^  .  Is  felt  ?o  be 
less  than  »  -sch.  i/pleal  shodoworaphs  showing  transition  appear 
lb  F’gu'res*|jo..5d,  Inttrestlng  eveess  Ir  jection  ohenrmena  are  a'so 
p-e«entad  which  -j'-.-w  the  cenica*  shock  wave  being  dei.'i'med  by  boundary 
\(iytr  thlcl»nl'g  ere  -o  surface  Injc-.tion  (see  appendix  C),  Transition 
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IS  taker  t?  ccicur  at  the  end  of  the  iwhite  Sine  which  appea.'s  jjst  above 
the  surface^  in  the  larrinar  region.  Atteirpts  vnere  made  to  emjiny  the  technique 
employed  by  Chapman  in  Reference  18  which  magnified  the  diston;ri  between 
the  wh'-i?  ■•'ne  and  !he  fm-ide!  svrface.  The  Tiim  plana  was  moved  <Jway  from 
the  tunnel  at  ^ever'a!  positions  but  the  moderate  success  uitvained  did  rot 
warrant  the  additional  expenditures  required  to  Improve  the  technique.  The 
iiero  inject  inn  transition  position  was  found  *o  be  approximately  tO-inches, 
depending  somewhat  on  model  surface  temperatures.  Tour  separate  shadowgraph 
photographs  ws'-e  taken  at  each  blowing  rate  condition.  The  photographs 
were  read  independently  by  two  observers  and  the  results  averaged.  An 
expanded  discussion  of  the  eoc'racy  of  thismethod  of  transition  detection 
Is  presented  In  Reference  3. 

Transition  Results 

Tne  two  surface  static  pressure  taps  I'dieated  a  nominal  surface  Mach 
number  of  4.33  at  a  tunne!  Reynolds  number  per  Inch  of  0.38  x  10®.  This  la 
to  be  compared  with  a  calculated  surface  Mach  number  of  4,42,  This  fee*  la 
to  be  of  Importance  during  the  heat  transfer  measurements  described  in  the 
next  section.  An  increase  of  surface  static  pressure  with  Injection  rate 
was  noted  (protaoly  due  to  tne  Increased  boundary  layer  displacement  thicknessi 
but  this  effect  was  not  documented  su/ficlentiy  to  be  Included  In  the  data 
reduction  procedures  (see  Appendix  C  for  an  e«panded  discusslen), 

Because  of  the  wide  range  of  variables  Involved,  and  In  the  Interest 
of  economy,  the  data  was  i.ot  takao  under  truely  steedy-atate  surface  temner- 
ature  conditions.  After  the  coolant  flow  rate  and  tamperature  were  aet  at 
the  desired  values,  the  model  surface  temperature  was  allowed  to  adjust 
itself  for  a  period  of  approximetei y  five  minutes  before  the  shadowgraph 
photograph#  and  tempera *ure-pressure  data  were  taken.  Although  the  0.028- 
inch  wall  thickness  medt I  was  very  rapid  in  thermal  response,  some  temper¬ 
ature  drift  did  occur, 

A  complete  presentation  of  the  nitrogen  data  Is  presented  as  Figures 
7  and  8.  Figure  7  reveals  the  major  effect,  the  reduction  In  transition 
Reynolds  number  with  injection  rate.  The  effect  of  surface  temperature 
variation  Is  shown  more  cleorly  In  Figures  8a-8f  nfid  Is  summarised  In 
Figure  9,  The  stabllleing  effects  of  surface  cooling  ere  seen  to  exist 
up  to  blowing  rates  of  1.0,  At  the  higher  blowing  rates  the  effect  of 
cooling  Is  seen  to  diminish  and  even  reverse  at  the  highest  blowing  rate, 
f  *  3,  presented.  It  must  oe  pointed  out  thol  the  b’ owing  rdl*»  presefited 
here  encompass  the  complete  range  of  aerodynamic  Interest  -  the  somewhat 
guestlonabla  theoretical  b'ow-off  value  being  abcut  2,  Within  this  range 
Ino  transition  Reynolds  number  Is  seen  to  decrease  only  about  90  percent, 
depending  only  to  a  slight  degree  on  sur'oee  b--f  transfer  conditions.  It 
will  be  shown  In  the  next  section  that  the  hast  transfer  coefficients  are 
simultaneously  reduced  by  nearly  90  percent.  In  Figure  tO  the  present 
nitrogen  dots  are  compared  with  ether  available  i.xperlmentel  reso! t#-**'*^. 

The  agreemen*  can  be  considered  favorable  uonsidtring  the  aporatl:  and 
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c!js've  nature  of  transitfon  rreBsurefrents.  Figures  II  through  13 
pr-e^icnt  correspondirg  results  for  helium  Ir.jection,  Na  major 
differences  appear  between  the  nitrogen  and  helium  results.  The 
cpservert  t-arisilion  Reynolds  numbers  initially  oecrease  somewhat 
ir.sier  oer  unit  injection  rats  for  helium  than  for  nitrogen  but  the 
results  for  noth  gases  asymptotically  approach  fhe  Siwie  transition 
kijs '  t  ion, 

Hg.AT  TRANSFER  INVESTIGATIONS 

Porpijs  Id  Cone 

The  test  body  used  in  tne  neat  transfer  Investigations  was 
Identical  In  ull  geometric  features  to  the  transition  model  IFIgure  14) 
Tne  porous  cone  permeability  distribution  was  measured  using  the  , 

iaiibratioii  apparatus  represented  schematically  In  Figure  15,  The 
cone  was  fastened  to  a  rigidly  held  mandrel.  The  manipulator  was 
user  to  position  the  surface  probe  at  the  desired  location  on  the 
model  surfice,  fhe  Internal  diameter  of  the  sharp-edged  surface 
probe  was  l/R-inch.  Air  was  Injecled  Into  the  model  through  an 
orifice  located  downstream  of  a  pressure  regulator  and  valve.  A 
soap  solution  d'aphram  was  formed  on  fhe  open  bell  and  stabilized 
by  adjustment  of  the  needle  valve  upstreani  of  the  vacuum  line, 
IStabillzIng  the  diaphragm  refers  to  flo».  at  atmospheric  pressure, 
eliminating  restricting  effects  the  probe  may  Impose  on  the  flow 
because  of  Its  proximity  with  the  cone  surface.)  When  the  open  bell 
diaphragm  was,  stabilized,  a  soap  solutloii  diaphragm  was  formed  on 
the  base  of  the  calibrated  tube  and  Its  rate  of  ascent  In  the  tube 
was  measured.  The  reading  was  recorded  end  the  vacuum  nvcdte  velve 
was  then  used  to  destablllz?  the  open  bell  diaphragm  and  again 
stabilize  l‘  as  a  precautionary  measure  to  Insure  against  errors 
due  to  soap  drying  on  tiie  op*n  bell,  A  total  of  three  readings 
were  taken  In  this  manner  ano  wer«  averaged  to  give  one  value  for 
tne  given- probe  locat'on.  It  is  felt  that  this  procedure  Is  justified 
since  the  three  readings  varied  b>  at  moet  ♦  3  per  cent.  The  probe 
w-is  then  moved  to  the  next  positlcn  along  tne  cone  ray  and  the  procedure 
repeated.  After  completion  of  the  measurements  along  a  ray,  the  cone 
was  related  on  the  mandrel,  positioning  another  ray  under  the  probe. 

It  must  be  pointed  out  here  that  col  I  brat  ions  of  this  type  give 
gusMtatlve  evidence  only.  The  uje  of  larger  diameter  surface 
probes  always  decrease  the  "apparent  scatter"  of  the  data  while 
a  S‘"8ller  probe  will  magnify  scatter  up  to  the  point  vdiere  individual 
pere  openings  are  being  sensed.  A  general  description  of  the 
permbnb’ I Ity  distribution  lln  the  spirit  of  best  effort)  Is  ell  that 
can  be  hoped  for. 
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«a?  noverr^.l  i/  a  ">->'p  f.-.w"  oh«pomeaa  b.-ro-.-i?  c'  ? p "aa ■•■*■  a  *?8n  fr:e 
path  anrl  sa.i;’  tr  o.'n st !  :  !  t-rgth  of  th*‘  pp''.'v?  ’'►.•.'‘a,  iSvp  appapity  0 
{O'"  a  B-<pa'l‘n  d’ 1  ;jib! or.  .if  fh*s  effart.! 

Th*  I„p  ?av  •'  *he  eopa  had  alsvea  thecmopc-jD’a*  pps!t?;r.ed  pra  tnrb 
apart  wti‘-  •'■,«  c  *'om  '"a/  had  ten  static's  c-t  hS'  spar*.  A  O.O'O-'.'ch 
hole  ASi  (iri  ai  C  as.  .-ofer  tv^rfate  "Sp-.  t  Faces"  C,050-’n.'h  Ir,  dfamvter 

by  O.JOA-tnch  de  r,  A  0.CO3-'rch  thick  b.-asj  shim  stock  disc  was  scf‘- 
soldered  into  th-  y  •.■‘'a.  a  re.'.as-i,  T«o  C.OCA.lTh  ne’es  s(ere  driiied  'rtj 
tne  shirr  stock  ana  'he  c .ppa'-.'cPi ta'i f ar.  thermo;. jp’aj  seft-so'dared  to 
the  chin-c'oek  d's:,  A  _.e rp ceramic  red  was  cemer.tid  Into  the 
'■eira''ntr  g  heit  ' <hr:  scr^ace.  A  36  gage  td  ••  O.CiOb-'rph  J  premfr  m  grade 
copper-sorsfanioa  the 'mccojp ■ e  was  Forced  thrreg*  ’h*  reramte  redj  soldered 
to  the  !.h 'p.  jj-,-. .;K ,  and  hard  finished,  this  p**o:*d'.’rs  established  a  definite 
therma!  nor  '•a:*  th«  cjtside  su 'face  on'y,  S?'.:e  five  diameters  ei 

csrario  rio  icd  'a*o  me  .-:.>■>•  intsri.'r  s'.tr.t  asarifo.  a!  insuiatipg  value 

was  gai'erl  w'' '  h  'endet  tc  reduce  lead  wire  n,***  idvc!  Itn  wt !  te  the  remn't 
cerrni'tid  rt  t'.'  '•.akagf  arcurd  tne  .-teg.  T‘‘ere  w-re  no  pressor*  tapj' 
Installed  ’  •>  this  meat!.  Coolant  thermoccct  to*  were  tied  to  the  lead  wire 
of  the  serfa;-:  'ne -mere.-ptes  every  two  Irch*:  and  !  orated  apcreximatety 
l/4-inch  'ht  !.'•<;•  svrtace'cf  the  cone,  Th’s  psir'lny  of  thermoopj;  les 

permitted  <s  meei./n  .•  ■’  rc'vfct  Jv«  heat  trans'*’*  *;  thr  aur'a.-,*  dun  to  the 
soc'ar.t  c.,  ’h._ rrermor .'.vies  were  co.’hsc . % d  IN.'-ug**  a  48.i.’nlt  mencei 

switching  I  'h:*.  gh  a  variae'e-speed  W'n'ea;  c  i  i  >;  *'•.'?/"**!!  cj'.f  injcus 
tempe:'etvrt  ''tfc./iv’'  equirped  'vith  a  -35C  to  eity’r  c'roer-no-s'a'ta" 
callbrafir*.  Jhe  avtrage  acturaty  nt  the  temp  ?pet.;re  measurym-'- *4  !o 
♦  l.i'^F.  fea?.r'em*r,»9  of  22  surface  temptrat.res,  II  “;i'lan)  ten..- eratures 
7  tufine!  r  .•  ag.-.r: ;  ■  ;  •  ••c-nipei'niurei,^  one  cootaut  mo--  k;  •  tags  it 'c  .  tymper* 
ature,  end  ic-  watn-,  and  I’r.old  nitrogen  refer'rca  bath  temoe.'at'...*e«  were 
obtain-.d  us'-g  tn  '  re.-or  Irr,  Ti.e  .data  gather'".!  :.r.‘-.'-^tt.-rt  ge-i'.-rs*!v 
renrlr.'d  ab..  '  ':.•»*  m'njtrS  tim-:  per  In  ji  ;t  I  :•',  .'.atn, 

'h-  1  ns*:'i.'.‘n<' I. '  e  J  p.  "Oj  s  no-c  mylel  wa-r  'Ir-t  run  w't*  e-r.;  liro'e''*" 
'nje.r''c'  'v  outv  thp  d'stritif  o'  lh«  rr  .'.v.ry  ferf.ro  at  tw .  tc  ne  I 
to*nl  p;-e';:,-.'n  ■  ’75,  At  n  tun  el  f?:.y  •  .  i  •■‘t  uvr-  ter  on;'  "  '  ''  .f 


C, 'J'j  »  'C'^  ft-,.-’  fr'!'.;!  f  !fr'  pc3‘t?cn  !s  ftind  fo  vf/y  ffom  x  -  7  fo 
X  o.ir.f J'O  cf  ffe,  to?if ,  Jnd^cst’nf)  roihc-r  pocr 
sy''T.-'»;  “r , .  'ih’s  xond'i’o-.  di  f  !  icajK)  ?hp  transHIan 
c-vpfr 'frei'?  /  fw'r.i.  tr  ‘car  r  <  v  !«..>  fositlo'p  frcvn  a 

v'luf-  fv'"-.!  i->i-  tr'anilt'pr.  moop!  Ts  urdcvt^ed* y  due  to 

ifc  i't.  :  la' !  1*  iort?,  F'T  tti.'  teat  trars  ■.:i'  ra'ns,.  the 

wa=  >._ ?  ; ii  >.a!f  !r  t-rder  that  fu!!y  leminar 
h-i  :c.  .a’i-.rci  an  !te  porous  r,-f.p  coder  the  oonriJtlors  of 
'oci'  -  '  '  •  jf as  vFi-WJtd  by  tfe  te'oo'-ery  fsttor  data  fn 
f ‘qjrs  !  7.  T  ua-.  :.e  f  fh^  lower  turnt;  de -si  ties,  the  shadowgraph 
pi' :  T  .'.r.'o')-;  were  i  f  a;  <iJ>'’rJ!lvt  !.•.  'c.-.'at‘ng  t^e  traps^tlon 
pr.oi!?;!'  .!<  '  a',i!*’cri  otudles;  ard  h^re  ‘•'e  zero  *njectlon 

inns'lio.-'  ax  1 -..r  ra*ei)  by  s'adawgraphs  was  seen  to  fall 

ar  •',&  test  su!'?i.>-,  S'roe  ‘he  reoovrrv  da*.,  aod  shadowgraohs 
t'aaqree  at  tb;  !..we,-  loote!  .Ians’ t fe.<,  the  shapiwgrapli  method  of 
o«  le.-rntr. 'nq  i  raf  ;',!  I  ‘  •' :■  i-.-t  •.-ar.stdp.'eri  adequate  at  the  lower  density 

le'/el.  !n  c.‘'o.'f'  tc  qet  .iome  estimate  of  the  radiation  correction, 
and  its  ./ar I .s ' ’ j.i  with  ax'at  posit’on,  t.he  recovery  fncfors  were 
ti'rreofed  for  ‘hr.tr.s'  radiation,  .as  ile3..rlbed  ’n  Appendix  A,  with 
the  I'ssol's  preiei’ea  in  ftqcre  id  ij;.at  ’  tat  Ive!  y  the  recovery 
■fac‘crs  saf^ii  !■.>  'Ceervase,  more  for  ‘he  rearxai'd  positions,  and 
agree  well  w'In  'he  ‘hecrefdaT  iquare  roc*  of  Prand>;.  .lumbor  predictions, 
A  summary  of  the  frar.s'-ton  data  on  the  hrat  t,-ans.'*-r  mode!  Is  presented 
f-sr  refere.ace  'r*  figures  '0  ar-J  70, 

The  fl-iai  he-at  tranifjr  rjrs  ronsumeo  a  tota'  of  28  tunnel 
running  hoors.  "he  i.ltrugen  deta  was  taker,  f’rst  and  required  alx 
hour*  on  the  first  day  and  seven  hours  on  the  seitoad  da/.  The 
helium  data  waa  taVon  fliirinq  the  »,'8n  of  •>"c  fifteen  hour  operating 
day. 

The  tq.x*;  e«,:.p  •Imenfa'  p.'ocedure  employed  Is  as  fclldws* 
suipersoni'*  f!rw  was  es'ahllahed  ’n  the  w’nd  tiinne*  at.d  the  tunnel 
st.ignatloh  f.'issjre  scj-jstcd  to  pr..vlde  the  br.sper  bree-streem- 
ney.nq'ds-.njmbcr-per-'nch  of  0,18  v  10^,  iiie  desired  •••tolant  mass 
flow  was  fslubl  lsh=d,  Ihe  •toalan*  Jemperatu"e  was  adjusted  to  the 
desired  valjs*  a' 3  ihe  oiilant  mas"  il.m«  stag.aaflon  pre.Sf.Te  rrf- 
aijjsfe'.l  ;i'.*3vl.ie  the  desired  f I  Jw  ra*rf  'see  Appendl*  A),  The 
system  was  alto.xed  to  b*abl  I  !z».r«-.ad  jj.'tinq  tne  flow  and  temperature 
rondi  t  l-.ini  whe."*  ‘.fressary,  A  mlntmum  o'  t>.':.t/..*;v*  mlnut»s  was 
reoiiireit  ‘a  c‘'f.al.a  thermal  equilibrium.  After  a  set  of  measurements 
hart  been  tak'.n  the  i-.alant  mass  few  temperature  was  changert  and 
the  coolan*  m.tss  flaw  stagnation  prrsnc.'e  re-adjusted  to  provtrte 
Ihe  I de.'. I 'cal  b' .Swing  •■ate,  Ge"rral’y,  .teven  d’f'ere.it  surface 
temperatu’'f  'ev*'.s  w;r»  si,  rtled.  Because  of  the  thermal  losses 
bsiween  the  c-oei  .;r  ba’.'.  and  'be  mode*  the  range  of  temperature  a 
!rcrea':'*s  witb  the  c-yo'a’t  mass  flow. 


k 
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A  typical  set  of  surface  and  coolant  temperature  distributions  is  shewn 
in  Fi-;urcs  .Mi  trrouih  ?ld.  The.  open  symbol  represents  surface  lemperature,* 
and  the  closed  represent  coolant  temperatures.  The  data  presented  is  for 
helium  injecticn  alonr^  the  bottom  ray  of  the  cone.  Some  of  the  temperature 
dit'i  were  not  usod  in  the  heat  transfer  coefficient  calculations  because  of 
the  lar.io  in.iccur'cies  associated  «i  lii  small  temperature  differences, 
surface  temoeratures  are  seen  to  be  reasonably  smooth  -  Indicating  a  relatively 
smooth  blowinn  distribution.  The  coolant  temperature  distribution  closeiy 
follows  'he  surface  temperatures.  These  two  ore  Intimately  related.  The 
vor.iation  of  coolant  Temperature  with  axial  location  indicates  that  there 
is  a  consideroLie  amount  of  mixing  occurring  within  the  Interior  of  the 
porius  cone.  The  su-fr.ce  temperatures  are  seen  to  become  more  n'early  uniform 
as  the  injection  rate  is  Increased.  One  may  conclude  that  either  the  blow'og 
distribution  is  changing  or  the  effect  of  the  solid  tip  diminishes  with 
increased  injection.  The  only  results  oiving  reasonabie  variui'lons  with  x 
v;ere  found  by  using  a  constant  surface  injection  mass  flux.  The ,  In  ject  >  on 
parameter  f^*  includes  the  f ac tor''^^^?T!^|/)r*  wh  1  ch  properly  accounts  for 
the  solid,  leading  edge^^,  A  typical  result  of  these  calculations  Is' 
presented  in  Figure  77  which  presents  the  date  for  a  moderate  helliim 
injection  rate  of  -  0.5P.  The  injection  parameter  7^  employs  the  constant 
injection  mass  flu*.  The  significant  features  of  Figure  22  are  that  the 
radiation  correction  is  only  15  percent  of  the  Injected  heat  flux  and  that 
the  surface  heat  conduction  is  less  than  I  percent  of  the  surface  heat  flux. 
Since  the  surface  temperature  distribution  was  approximated  by  a  series  of 
linear  seaments  for  the  variable  surface  temperature  correction,  the  firs* 
position  nerassarily  Indicates  a  heat  flux  which  Is  62  percent  higher  than 
that  predicted  by  constant  surface  temperature  theory  at  that  surface 
temperature"'*^^.  The  variable  surface  temperature  correction  Is  seen  to 
diminish  from  1,6’  at  the  first  thermocouple  station  down  to  approximately 
1,01  at  ,fhe  sixth  thermocouple  station.  This  correction  reduces  the  measured 
surface  h«at  flux. 

The  slope  of  a  heat  flux  versus  w.all  temperature  plot  Is  proportional 
to  the  neat  transier  coetticient  h  while  the  temperature  intercept  defines 
the  recovery  temperature  T  .  If  the  temperature  differences  are  smell  this 
curve  should  be  a  straight  Tine  tsee  Figure  231.  Theoretically,  fhe  surface 
he.dt  flux  and  the  heat  transfer  coefficient  should  each  vary  Inversely  with 
the  square  root  of  x  as  does  the  surface  mass  flux.  Dividing  the  calculated 
h  values  by  should  yield  a  ratio  which  Is  Independent  of  x, 

.*  possible  oxplaihatlen  for  the  high  h^et  trenefer  velnee  near  the  t'p 
Is  that  there  Is  a  pressure  gradient  external  to  the  model  which  effects 
the  blowing  distribution  (see  Appendix  C).  Since  no  pressure  taps  were 
installed  in  the  model  this  effect  could  not  be  verified.  The  data 
(temperature  distrloutions  and  heat  flux  distributions)  Indicate  that  at 
relatively  low  Injection  rates  the  blowing  velocities  Incre"**  from  zero 
at  the  lead'r.g  edge  for  the  first  4.lnches  and  then  remain  constant. 


‘nothc.-  flppronch  t:  th'f.  problem  is  to  sstume  th«t  one  can 
"•eii.jr-  fr,e  str  i  bj  t  ion  of  beat  transfer  coefficients  more  accurately 
Jbon  be  can  app:y  calib'niec  permeabil't/  rti str lout  ions  to  the  wind 
tub,  e'  1-nn  t!  •  ions.  In  thin  cose.,  6ne  would  find  that  the  blowing 
;r  ■  b..' t  i on  would  sinrt  at  rero  at  the  'eading  edge  of  blowing  ' 
Innreane  for  the  first  four  inches  and  ths.o  remain  constant,  Th'i.s 
'-oncept  seer  .  :.j  be  -easonably  dose  to  what  has  happened.  At  any 
r»'e,  the  data  was  rerjced  assum'’nc  the  blowing  velocity  to  be 
cc-r-fan  *. 

Fioi.'re  i’4  rep-esents  a  calculation  of  the  reduction  of  heat 
tr-ansfer  coef ' '  clents  with  injection  aloig  the  bottom  ray  of  the 
porous  .nit;.  The  first  and  second  thermocouple  positions  consistently 
pr.oduced  h '  nh  boat  transfer  coefficients.  This  effect  is  probably 
due  to  an  -.ver-e St ima* ion  Of  the  injection  rates  I p^v  )  In  the 
vip'.iltv'  o'  1h?  ♦ip.  The  data  indicates  thaf  tbo  proper  distribution 
ru't  increase  slowly  for  the  first  four  inenes  of  porous  surface, 
liebind  this  reoica  the  Injection  rate  Is  then  sensibly  constant, 

Ercopt  at  the  fVst  and  last  thermocouple  stations,  the  reduction 
in  he"*  transfer  coefficients  seems  to  be  uniform  along  the  surface 
of  the  porajt  cone.  The  data  presented  for  x  »  is  somewhat 
lower  than  rhe  res*.  This  may  be  explained  by  the  fact  that  this 
c.solant  ‘emperaturc  had  to 'be  calculated  from  adjacent  coolant 
temperatures.  Th’s  thermocouple  Is  located  at  a  position  where 
both  the  surface  temperature  and  the  cuo'ant  temperature  profiles 
have  abrup*  changes  in  curvature.  Only  the  positions  x  ■  2,2, 

•t.2,  d.r,  and  “.2  Inches  possess  measured  coolant  temperatures 
while  the  remainder  reouires  that  cooian*  temperature  values  be 
obtained  from  faired  curve..  The  finst  *hermocouple  was  omitted 
in  the  subseguent  plots  bec'use  of  the  assumption  of  a  linear 
variation  between  the  first  measured  temperature  and  the  nose 
temperature  (assumed  to  be  ecual  to  the  recovery  temperature  as 
csieulsted  by  square  root  of  (he  Prandti  number).  The  last 
tnermocoupia  was  omitted  in  the  subsequent  plots  because  of  the 
onse*  of  tenrsli’on  at  the  higher  blowing  rates. 


Flr.ures  ?•  fi-rcugh  2f5  present  a  surnmary  o»  the  heat  transfer 
data.  The  points  above  an  h/h^  of  uaTty'reveel  the  discrepancy 
between  the  measured  results  and  the  well-verified  theory  of 
Chapman  and  Rijbesin'-^  and  the  over-estimation  of  the  blowing  rate 
near  tbr  Icauing  edae  of  blowing.-  At  tt-*  'argt;*  blowlny  rales,  tht 
data  derreasa  munctonlcall-y  In  a  fashion  r-5u,gh*y  paralleling  the 
thecretica'  predictions  of  Low  (which. is  actually  »or  air  to  air 
'•-•/f'e.msl  and  33ron  (hcllum-airt  as  .explained  In  Appendix  3,  For 
'  ’*roqen  injection  aijnn  the'bottcm  r’ay  the  last  thermocouple  appears' 
tr»nt.i  t ’ona!  in  the  shadowgraphs  and  surface  temperature  trances, 

'he  next  h-gher  blowing  rate  point  at- this  position  Inot  plotted) 

Is  dc  f  i  n  1  *■;  I  y  transitional  .  having  an  h/h^  value  of  1,3, 
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4  sunnmf't'v  of  fhe  temperature  recovery  fac  tor  rfata  ?s  presented  !n 
Figure  29.  Contrary  to  the  theoretic"!  predictions  of  "eccvery  factor, 
vvl'.ich  d, -crease  witn  Increasing  Injection,  the  experimental  vaijes  increase 
with  niuwing  rate.  An  evp I anat ion  for  this  phenomena  has  not  seen  advanced 

Af  the  highest  blowing  rates  the  character  of  the  flew  is  markedly 
different  man  ti.nt  postulated  by  the  analysis.  The  reader  is  again 
referred  to  Figures  fa  threxjoh  5e. 


During  the  publication  of  this  report,  a  private  discussion  with  Cr. 

E.  R,  G.  Eckert  of  the  Heat  Transfer  laboratory  of  the  University  of 
f/-Innesota  revealed  that  their  theoretical  calculations  on  hydrogen 
injection  along  a  flat  plate  at  freestream  temperatures  comparable  to 
those  in  the  present  experimental  investigation  predict  an  Increaee  In 
temperature  recovery  factor  with  Injection,  This  effect  does  not 
continue  to  exist  at  freestream  temperatures  comparable  to  atmospheric 
or  higher. 


APPENDIX  A 


DATA  REOUCTIOH  PROCEDURES 

■•'<}  qijsntll iei  neacurct)  during  each  run  are  listed  In  the  following 

T  ixi  She  exlenial  surface  teniDeruijres 
w 

T^lx)  the  internal,  or  coolant  supply  teinperature 

T  the  nqz^le  wal;  teT.-^eratjre 

n 

the  tunnel  stagnation  temperature 
T  the  coolant  meter  slognatluu  temperature 

IT!  .  • 

tne  tunnel  stagnation  pressure 

p  the  coolant  meter  stagnation  pressure 

m 

transition  location,. 

Other  data  determined  from  preliminary  Investigations  Ineludet 

p^Vy^lx)  the  measured  injection  mr  ,s  flux  distribution 

o  4  (x)  radiation  factors  for  the  exchange  of  rod  I  an!  energy 
between  the  model  surface  and  the  test  section  wal is 
Inozzle  and  porous  surface  emissivlty). 

klx)  the  thermal  conductivity  of  the  porous  materiel 

t  the  porous  surface  thickness 

and.  In  addition  model  and  coolant  meter  dimensions  and  constants  derived 
from  the  surface  Mach  nimber  (4,33)  of  the  conical  flow  field. 


Heat  Balance 


yhe  n<'iieral  heat  balance  may  be  vjritten 


.-,T  df  rt^T  1  ■  .  . 

‘  ^  ^  dx  .  a  €_  .tJ  .  V>.  (A..  ) 

'•■'  L'  "  dx  j 


where 

lA  =  ?T!X  sin  0  dx;  A  «  Srrxt  sin  0. 
w  cs 

From  mass  continuity, 

P-V.'DV  apv  • 
f  f  C  C  w 


Assun^toq 

r  -r  T=T®T«  IA»2) 

Pf  Pc  ' 

v;e  arrive  at  the  resulting  heat  balance!  > 

**  'w  4  4 

n  =  h(T  -  T)=pvc  (T  -  T  )-  kt  »  +  ® 

^bl  aw  w  ^w  w  p^  w  c  ^.2  w-n  w  n 

lA-i) 

C 

Calculation  of  the  Surface  Injection  Rate  When  p^v^  =  ‘TTt' 

_ X 


Continuity  of  mass  flow  equates  the  mass  flow  measured  at  the 
orifice  to  the  surface  mass  flow  such  thett 

1.  L 


■'■/  p.v*-/  ».V 


?n  sin  0  xd;;. 


Defining 


,  .  “w'^w  /PaV 

w  "  ■  PjU;,  V  1^5 


Taking  f  to  be  independent  of  x.  Equations  IA-4)  and  IA-9)  may  be 
combined  ro  yieidf 


I "  t’"-  -.’i 


The  scnic  mess  f!ow  is  evaluated  trot.\  the  meter  stagnation  conditions 
in  the  conventional  manner: 


...  -4/^  >'*  ^1  - 

RT*^  .  ^  JT- 


where  the  quantities  in  the  bracket  are  constants  for  a  fixed  coolant 
gas  and  orifice  diameter. 


In  a  sim? ! ar  fash  I  on 


C'-lculdtion  of  the  Surface  Mass  rlux  Assuming  »  Constant. 


In  this  case 


•  •  •  _ 

p  V  A  =  Srtp  V 


X  sin  9  dx 


Defining 


T  «  2 


^  w 


•  *  • 

p  V  A  X 


^  IT  sin  e  Jpjl 


“r.  - »/] 


then  the  relation  between  the  two  calculated  f^'s'li 


lA-IO) 


?/2  0/3 

f  ■  f  —  '  . . '"—I 

w  w  0  ^  ^  / 

o 


/T*  »  .35  f^  xl  Inches) 


(A.Il ) 


so  that  for  x  ar  9-inches,  7^  as  f^.  Each  of  these  blowing  rates  were 
modified  by  multiplying  by 
I - n 


I  - 'Ij-  to  include  the  solid  leading  section  effect  and' arc  signified 
by  f^*  and  "f^*.  ISee  Appendix  B) 
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Snmplg  I cu  M t  i oii-N  ■  trooen  In  jection 

StLon  rinrt  coplant  conditions 

.1,  'team  conditions 

t-‘.  -  -<.33.  -i-  =  0.02034.  ~  =  O.;4loo 
n  Pt  >t 

,.7  ,  ,  2.270  x  to”® 

=  1.4,  R  =  1716  — (f^)  '■ 

sec  -  K  6  . 

b.  Coolant  conditions 
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.For  helium,  y  =  1.667,  ^  =  .4869,  ^  »  .7499,  R  ^  (2,432  ■  - 
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Thermal  Conductivity 

Lacking  exact  information  on  the  thermal  conductivity  of  the 
porous  material  and  the  variation  of  thermal  conductivity  with  permeabl I  ify 
the  analysis  of  Reference  29  was  used  to  estimate  conductivities: 

I 

1/3 


\„2/3  ^  ,  _  p2/3 
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0  ..  p 

0  <■  P  .  -  <  , 

f'..  -  p. 


P.  •-  I!  fJ’J-ft  -  hr  -  "R/ft. 

.s 

We  obtair-  d  samples  from  the  manufacturer  which  matched  the  permeabl !  I ty 
-a  iqc  prrw'u;-  best  transfer  model.  The  relative  densities  (p/p 

vere  O.fidT,  0.533  ar.d  0.499.  Using  the  two  extreme  values  only® 

the  correspsnd ^-19  vabjes  of  k  were  found  to  be  5.63  and  4,70  BTU/ft^  -  hr  - 
®R/ft.  The  fi'.ant'j’ea  0^/p^  and  k  /k^  were  taken  to  be  zero.  The  expression 


ft",  hr  - 


-  4.55  +  0.(dfi44  x(  inches). 


(A-14! 


waaosed  in  the  f i nal  computer  data  reduction  program.  The  average  thickness 
of  fne  porous  surface  (t)  was  found  by  a  series  of  micrometer  measurements 
to  te  0.02i5-*nc.h,  The  surface  heat  cond'jctipn  term  was  found  by  fitting  s 
parotcin  i.j  the  temperatures  at  the  point  and  Its  two  adjacent  points. 
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Th’';-  procedure  was  also  used  to  obtain  Interpolated  values  of  the  coolant 
temperatui-e  from  tbj  valges  measured  at  atlernate  stations, 

Padlati  -.r.'  Ccrrec  f  I  on 


The  rsdlatlon  geometry  may  be  examined  by  considering  e  cross  section 
of  the  wi.id  I'jiine!  as  shown  In  the  following  sketch! 


«.  Each  sleff'enf  of  porous  surface  sees  chrome  I  €  sr  0.07)  over 
an  anqie  of  n/2  In  fhe  axial  direction  of  the  tunnel. 

b.  The  effective  emlsslvlty  may  be  found  by  averaging  on  a 
basis  of  weighting  by  angles. 


c.  The  surrounding  temperatures  are  equal  to  the  measured 
notJlewall  temperatjre. 

'  d,  ■'■he  portion  of  the  to*al  hemtcylinder  that  has  each  value 
nt  amt^nlvlty  Is  ehuot  to  where  Is  the  angle 

in  iiie  cross-sectional  plane  substended  by  each  surface  I 
of  emlsslvlty  €|» 
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Rodiflt'on  losses  to  ffit  lest  section  v»9]ls  were  th^  ■>  computed  '.*om  the 
expression: 


Yi-d 


-  ^  d,. 
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where 


iA_2n 


which  properly  ap^i'cs  to  ccaxtoi  cylinders  radiating  diffusely  (Reference 
50),  Ccmbina?  i  :rs  of  Ec,i'ations  (A_I9)  and  IA-21)  gave  values  of  C  ^  ranging 
from  0.4^  in  thr  v’cinity  ef  x  *  2-inches  to  0,30  In  the  vicinity  o7 '»  =  13 
inches. 


A  2Tr-  dx  r 

J2  X  *  _£i 

A  2nRdx  R 

n 


X  sin  0 
R  ■ 


IA.22) 


and  R  is  the  effective  radius  of  the  tunnel »  the  wetted  perimeter  divided  . 
by  2n.  o  is  fhe  Stephan  Boltzman  constant,  0.173  x  tO"®  BTU/hr  -  ft^  -  ^’R^. 


The  effeci  of  the  radiation  correction  may  be  observed  by  examining 
the  recovery  factor  data  shown  in  Figures  17  and  18.  The  measured  recovsry 
temoeratures  were  corrected  for  radiation  with  the  eld  of  the  Chapm'^n  and 
Rubesin  prediction  for  heat  transfer  coefficient.  Neglecting  surtace  heat 
conduction  the  energy  balance  reduces  to 
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r.eas 


^  A 

The  Chapman  snd  Rubesin  prediction  fot'  cone  flow  yieldsi 


h  «  0.2998 
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M!  |V 
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Variable  War  Temperature  Correction 

The  effects  of  non-uniform  surface  temperature  upon  the  computed  heat 
transfer  coefficients  were  accounted  for  using  the  laminar  constant  property 
theory  of  i.  ighth! !  The  measured  cone  curfsce  temperature  d’ strlN.it Ions 
were  transfo-nned  to  egylvalent  flat  plate  temperature  distributions  by 
means  of  the  reint’sr^" 

*p  *  *  IA-2-ji 
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nrd  the  ten-per»ri:re  a"  5fr Ib'jt  lor.  In  each  case  was  nppreximatel  y  ty 
M  linear  seqn’erts..  'Aith  this  assumption,  the  effect  of  non-uniform 
au.'f'ice  terperatui-e  cn  local  laminar  heat  transfer  coefficient  Is 
found  by  th-.  relat'of. 

n 


^  I  T 

nl  ■  ’w. 
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IA-25I 
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where  T  (0+1  is  the  temperature  Immedtateiv  downstream  of  the  leadinjj 
edge  and  barred  quant it'^s  refer  to  values  for  constant  surface 
temperature?..  Also, 


'i 


-  G 


i] 


(A.J7i 


where  Gl»)  is  presented  in  Reference  28, 


The  d.'.ta  reluct 'on  for  all  the  experimental  work  Included  In 
fhi;  evperlraptal  work  included  In  this  report  has  heen  p,-r.yiainiied 
and  computed  or  a  Royal  Vc'Jee  LGP-50  digital  computer,  A'ost  of  the 
programming  was  done  using  "Dictator",  an  artificial  language  for 
the  LG.'’-10  programmfco  by  C,  w.  Laudeman  of  Dodco  Invorporated  to 
permit  three-aodress  programming  and  floating  ftoint  operation  with 
a  vocabulary  cf  commands  greatly  Increased  over  thet  available  In 
the  basic  machine  language. 


The  data  was  punched  on  paper  tape  directly  from  the  row  data 
sheets,  and  the  machine  was  u.ied  for  sorting  and  tabulating  functions 
as  well  as  for  computing.  Aftar  the  original  tape  was  punched  and 
proof  read,  all  .suhaenuent  opercti.nns  were  machine  controlled,  thus 
avoiding  transrr Ipf Ion  e.'rors. 
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S0-U7I0N  OF  THE  CONSTANT  INJECTION  CASE 

/i  an9iy£>is  Jo  presented  which  predicts  the  skin  frictien  characterist'.'s 
of  £  comp'esaible  laminar  bs-jndary  layer  with  fluid  Injection,  The  presenv 
forirulat ion  is  ••fstric.ted  to  a  linear  variation  of  fluid  viscosity  with 
temperature.  For  the  injection  cases  considered,  the  coolant  gas  is  consid'-red 
to  be  identical  to  the  main  stream  fluid,  in  the  cases  where  similority 
exists,  the  method  is  tes*ed  by  comparisons  with  exact  solutions  which  are 
free  from  the  !  imitations  of  the  present  analysi.s. 

Integral  techn’ques  generally  furntsh  engineering  accuracy  for  laminar 
skin  friction  and  surface  heoi  transfer  calciiletlons  even  »^en  crude 
appreximatiocb  are  mane  In  the  profiles.  In  the  present  analysis  the  shear 
profile  Is  assumed  lo  be  a  third  degree  polynomial  In  xalocity.  This  approach 
furnishes  accuracies  comparabJe  with  fifth  or  sixth  degree  polynomials  In 
the  velocity  versis  y/8  formulation  and  provides  the  additional  benefit  that 
the  concept  of  boundary  layer  thickness  lor  thicknesses)  does  not  apoear  In 
the  problem. 

The  practical  appllcat’cn  of  boundary  layer  enalyses  Is  the  predtetton 
of  local  akin  fr'ctlon  and  heat  flux  rates  along  a  body  from  specified 
boundary  conditions  such  as  Mach  number  and  altitude.  The  detailed  structure 
of  the  If'terlnr  of  the  boundary  layer  is  of  practical  Inferest  only  through 
its  Influence  en  the  wall  conditions  attained.  Similarity  analyses  (dependent 
variables  expressed  In  terms  of  only  one  Independent  variable)  do  provide 
general  solutions  to  the  boundary  layer' equations.  However,  the  property 
of  ui.riiui  ity  of  the  characteristic  profiles  Is  possible  only  for  certain 
combinations  of  the  .i.dependent  variables.  For  example,  with  injection, 
similarity  exists  only  if  the  wall  velocity  varies  Inversely  with  the 
square  roct  of  the  distance  along  the  body.  Such  inverse  half.power  blowing 
distributions  are  only  conveniently  attained  if  the  surface  effusion  velocity 
is  controlled  by  the  heat  and  mess  transfer  chareeterlstics  of  the  boundary 
layer. 


With  these  ccnsideratlons  In  mind  It  Is  reesoneble  to  develop  approximate 
'methods  which  satisfy  the  boundary  layer  equations  only  on  the  average  across 
the  boundary  layer  and  yet  el  low  more  general  boundary  conditicns  to  be  met. 
This  situation  Is  obtained  by  Integmetlng  the  boundary  layer  equations  across 
the  bcundsry  layer.  The  physical  quantities  appearing  In  the  Integrand  are 
•pproximated  by  polynomials  in  the  space  vertsbles  with  coefficients  which 
are  determined  from  the  boundary  conditions.  With  the  assumption  of  these 
profiles  the  Integrel-dl fferentiol  equations  can  be  converted  to  ordinary 
differential  equatfens  which  describe  the  variation  of  wall  skin  friction 
along  the  body. 


A  detailed  treetmen"  of  the  associated  heat  transfer  effects  Is  presented 
In  Reference  26,  The  heat  transfer  calculetions  are  too  lengthy  to  be 
repeated  here. 
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The  u?>e  o'  '  le'-qe  nurber  o  <rce  strefw  boundary  cond?*Ion!‘. 
little  to  the  accv'acy  ot  the  calculated  wall  parameters.  The 
rev/pr'‘.e  I true  for  toe  wall  boundary  conditicns.  The  zeroeth  and 
'irihor  or-'er  derivatives  of  the  boundary  layer  equations  furnish 
■■■‘di  Moral  rest-  Mnts  when  evaluated  at  the  wall.  This  process 
beqlns  to  qenef  te  difficulties  when  grariienfs  along  the  wall  flr'<t 
aooear  since  a  additional  ordinary  differential  equation  must  now 
be  solver  simu  ‘aneously  with  each  integral  equation.  This  condition 
therefore  limits  the  number  of  wall  boundary  conditions  which  may 
be  used.  The  i.se  of  a  finite  number  of  terms  in  the  profiles 
excluder.  *he  e>:act  solution  from  considerat Ion, 


.hen  Ihe  ’.nrlysls  is  carried  out  in  physical  space  the  ronditlons 
il  i-,e  outer  edye  art  Imposed  at  soi’e  finite  distance  from  the  wall 
called  the  boundary  layer  thickness*  which  ignores  the  'aymptotl. 
nature  of  the  true  physic.al  profiles.  In  velocity  space  the  problem 
Is  simplified  since  the  integration  Is  carried  from  the  wall  to  the 
free  stre.am  velocity;  hence  the  range  of  Integration  is  zero  to  one. 

It  shear  is  used  as  a  dependent  variable  then  the  free  stream  conditions 
pccur  at  an  infinite  distance  from  the  wall. 


AHALtSIS 


The  basic  equations  for  a  compressible  laminar  boundary  layer 
with  no  pressure  gradient  and  for  a  perfect,  single«component ,  gas 
with  constant  ^randtl  number  and  spec'flc  heat  aret 


(cont ipu i ty I 
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IB-1) 

imomentuml 

pUUj^  ♦  pvu^  ■ 
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( energy) 

PUlj,  ♦  PViy  ■ 

13-3) 

In  addition  the  fluid  viscosity  snail  be  required  to  tese  ilie  fun 


I9-A» 


Thio  034u."0t ion  uncouples  the  momentum  equation  from  the  energy 
eo'uafion  so  that  the  momentum  equation  moy  be  Independently  solved. 

It  is  simplest  to  treat  the  case  C  »  I  in  this  text.  In  an  alternate, 
procedure  the  constant  C  Is  chosen  so  that  the  correct  value  of 
viscosity,  as  given  by  the  Sutherland  law.  Is  evaluated  at  the 
average  .<al  I  temperature. 


To  solve  this  system  of  equations  the  transformations  of  L. 
Trot;..?  are  empioye.t.  In  this  formulation  u  replaces  y  as  one  of 
the  ’.’’ndependent  variables  while  the  shear  stress  T  replaces  u  a* 
one  of  the  dependent  variables.  Let 
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Th«?  f .-rnt : cr  re*^tlcns 
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CB-9> 


<B.«} 


which  rftwt-.y'.  fhi  b^sic  rtifflculfy  In  defining  the  outer  edge  of  the  bcundary. 
The  prcdi';-.'  ,u  mny  be  el  iminated  froin  the  momentum  equation  thepugh  the  use 
of  the  ccrfi';iiry  eduation.  Applying  the  transformation  relations  (B-6) 
reaulhs  i «i ‘h  T  r  ui;  I  •  n 
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It  is  c.‘*ve.''ert  *o  introduce  non-dimensional  quantlti*s«  Let 
-  .  -  C. 


f-r  -  U 

'  w  ?  ^  u. 


Eauiftcr.  tr.en  takes  the  form 
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The  appropriate  extreme  conditions  arei 
In! t it '  cord' t  tors 
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*  >0,  u  !j 
Added  ee jt-'d Lots 

Other  "iseful  relations  of  Interest  may  be  nbtnined  frnm  the  mnmentvm 
equation  tf3-7l  and  equations  resulting  from  It  after  differentiation  with 
respect  to  u.  Fur  example,  the  momentum  equation  18-2)  may  be  written 
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Evonortno  T*  in  •!  c^bic' pol  ynomlnl  in  u  results  1ft 
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The  irension ' ess  sheer  profile  13-1?)  is  Introduced  Info  the 
tronsforf’ed  n’cnientun'  cdoetion  (3—7*1  which  Is  then  Integreted  *rofn 
■  -  -  -  .  (acrcsn  the  boundary  layer)  to  yieMt 


IB-13) 


»  ' 

-hich  ~jst  5e‘!c»v  the  inlt!*!  ssnditicr.s  k  -  0,  !  ?*  t  -  The 

extension  of  the  shear  profile  to  fourth  degree  or  higher  merely 
chfir.aes  the  nuncr'ca!  eoeffieicnt  in  the  integrated  eni.atinn  (R-n) 
when  the  additional  coefficients  are  selected  at  the  ou*er  edge  of 
the  boundary  laye:'.  t'o  additional  wall  restraints  may  be  added 
without  ihtrodjcihg  additional  differential  equaflor-s,  Ciorerally 
the'  injection  rate  ia  •oecifled  and  the  well  shear  de^ennlned. 
Alternately  the  blowing  rate  required  to  produce  a  specified  wall 
shear  stress  distribution  may  be  computed.  Numericat  solutions 
rrav  be  easi'v  obtained  for  arbitrary  variations  of  ei  ther '  quant  I  ty. 
It  Is  informative  to  first  consider  some  special  cases  where 
analytical  solutions  may  be  obtained. 
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EXAAtf>lES 


a.)  'moer'Ttatilt  Surface  — —  =  o 

- Pa'^ 

cnuatio-  '3.121  rrc>y  '?■»  Iittegr.j2*d  o’rectJy  and  upon  application  of 
initial  :cns  (5.9*  yleidi  C.if^  =  i/3  which  ccmpares  favorably  with 

the  exart  va'i-^-  af  C^VRiT'--  .664  as  diriven  by  Blasuis.  The  property 
value?  in  th?  sx'n  ‘.-Icticn  coefficient  and  the  Reynolds  number  6(*  all 
evaluated  at  '!■€  free  stream. 

It  is  intfcrest’ng  (o  examine  the  assumed  velocity  profiles  In  the 
physical  plane..  <=t.r  zero  injection  the  assumed  shear  profile  reduces  to 
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For  purp.ases  of  nemonstral ’on  only  take  u  *  and  Equation  (B-14)  yields 
uoon  InteqraMcn  from  0  to  yl  * 
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h. I  Permeable  Su:'fa..e  with  Similarity  —  «  A./  — 

■ - ^ ^  PS^ 

By  Takinq  ~~  «  >  and  t*  •  B  Equation  18-131  Is  found  to 

Pft  «  »  «  ^  1"4’‘ 

be  independent  cf  x  and  yields  the  algebraic  expressiont 
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Special  rases  of  Equation  (3-16)  arei 


1,1  Zero  Injection'  (A»0),B  »  ^9/81  ■  1/3 

?,l  7ern  shear  10*01, A  ■  fTI?  .  0.516. 


2,1  7ern  shear  10*01, A  *  ^/I5  ■  0,516. 

As  pointed  cj*  -n  section  a,  the  exact  value  of  BIA*0)  as  calculated 
by  Blaslus  Is  0.332,  The  exact  value  of  AIBsO)  as  calculated  by  Eimcns 
and  Leigh’’  's  0.619.  The  "blow-off*  Injection  rate  Is  not  predlotad 
accurately  by  the  present  analysis.  This  large  Injection  rate  produces 
a  boundary  layer  th'cKness  so  lorge  that  the  boundary  layer  approximations 
resulting  from  the  co.-"'ent!onal  order  of  magnitude  analysis  no  longer 
provide  an  adequate  das.-ript; of  the  prccess. 
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Plate  svln  Friction  and  Heat  Transfer  Results 
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c.)  Per'^eaoie  Surface  With  Uniform  Iriectlon  -HUS  ■  h 
- 1 - 


This  cusc  ransiders  a  constant  blowing  I'ate  independent 

of  ft  so  that  dip  V  /p  u.)/dx  is  Identically  zero.  Defining  alx)  » 
-d'uatio!)  (3-lS)®reduces  toi 
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a  must  satisfy  the  initial  condition  alx  «  0)  *  0,  The  root  a  ■  -  I 
corresponds  to  the  asymptotic  solution  for  constant  suction  In  which 
the  velocity  distribution  atd  all  boundary  layer  parameters  are 
Independent  of  distance  along  the  plate  such  that  C./2  *  -p 
App'y’ng  Descartes*  rule  of  signs  to  the  denomlnotor,  the  ofher  two 
roots  are  found  to  be  Imaginary,  Expending  the  Integrand  of  Equation 
(3-171  Into  pai'tial  fractions  by  means  of  t‘'e  method  of  undermined 
coefficients  and  Integrating  termwise  yields: 


•i 
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It  Is  easy  to  verify  the  requirement  that  the  Initial  condition 
a(x=0)-»0  Is  satisfied.  It  Is  possible  to  calculate  the  position  of 
blow-off  since  with  uniform  Injection  the  condition  of  zero  well  shear 
occurs  somewhere  on  the  body.  The  limit  of  the  right  hand  side  of 
Equation  (8-|P)  as  a  approaches  Infinity  is 
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27 


\. 

\ 


/ 


p^v^/d.u^  -  H.  This  result  Is  compareble  to  .he  sim'latity  injecticfi 
case  Ip  V  --  C/^T)  In  which  the  blow-off  injection  rate  constant  was 
found  in,  section  b  to  be  0,516,  In  this  second  case  the  ccirpiete  boundary 
layer  is  s  ifru !  I  ar.eojsl  y  lifted  off  cf  vhe  plate, 

d.  1  Sefr! -f er.Tieable  Surface  w'th  Downstream  Uniform  Injeetlcn 


-  C‘ 


-  H  )i  X 

c. 

The  case  cf  a  solid  secfon  followed  by  a  porous  regic.i  with  uniform 
injection,  rate  practically  applies  to  ooservstlon  pori.s  on  hlyh  velocity 
vehicles  o’r  wird'lunne'  windows  v.hich  require  cooling  ever  and  above  thct 
required  on  the  upstream  surfaces.  The  solution  is  found  by  combining  the 
results  of  ce.-t‘'cn«  a  and  d  together  with  the  requirement  of  a  continuous 
surface  sheer  stress  across  the  interface.  Equation  13-17)  is  integrated. 

from  a  =  H  i  1/3  Ju.x.fv,  I-  a  to  yield! 

C  “  F  0  0  0  _  .  ...  _  _ 
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-/rr  la  -  a^I  I 
500^*1  Haea^)e27j* 

(B.2C) 


Equation  IH..20)  ’s  plotted  in  Figure  30  with  »s  a  parameter.  The 
similarity  injectio.*  -ase  (Equation  (B.I6))  is  also  plotted  for  compsrison. 
The  blowing  parameter  nr.d  skin  frictinn  coefficient  have  been  multiplied 
by  the  square  rcot  of  Ihree  in  erder  to  permit  cemparlsen  with  can  leal 
exper insc-.nto.  The  exper ’mental  Injection  rates  with  uniform  injection  are 
presented  as  ,«o!!d  lines  with  barred  ends.  The  agreement  between  the 
present  theory  for  uniform  injection  end  simllarify  injection  explains, 
at  least  on  the  basis  of  skin  friction  results,  why  the  nitrogen  heat 
transfer  data  presented  in  Figures  25  and  26  agree  with  the'  similarity 
thecry.  The  agreement  implies  more  then  pure  coincidence.  It  njst  be 
pointed  out  here  that  the  experimental  heat  transfer  date  has  been  corrected 
for  variable  surface  temperature.  This  proeechire  adds  validity  to  o 
comparison  of  heat  transfer  and  skin  friction  effects  (which  is.  In 
general,  *  Prandt!  number  effect!.  This  point  Is  expanded  further  in 
Figure  31  which  also  Is  a  purely  theoretical  presentation.  In  order  to 
CO  •> lets  the  reasoning,  one  must  first  compare  the  skin  friction  results 
wifn  uniform  injection  (x  >0,  P  v  “  constant)  with  the  similarity 
injection  Ix^  «  0,  The  similarity  skin  friction  results  an 

seen  to  fai  rs!  ight  ly  below  the  sir.itlarity  heat  transfer  results  fer  a 
Prandtl  number,  of  0.7,  On  the  basis  of  these  curves,  the  experimental 
results  for  heat  transfer  with  uniform  Injectlor.  should  fall  s'ightly 


belov  fbe  Einilflrtty  transfer  predict  tons.  The  important  point 

to  rerren-be,'  is  that  the  factor  Is  used  in  the  blowing  pari'ieter. 

Physically  it  is  reasonable  that  the  proper  blowing  parameter  .should 
vanish  at  the  leading  edge  of  blowing 'ond  also  be  relatively  unaftec*ed 
hy  the  solid  tip  ?t  large  distances  downstream, 

Renardino  the'  helium  data,  one  cannot  make  firm  statement' 
reo.irding  the  solid  tip  and  uniform  injection  effects.  The  experimental 
data  indicates  that  the  reasoning  applied  to  the  nitrogen  data  still 
applies.  The  basic  gucstion  to  consider  is;  "What  phenomena  altered 
the  injection  distribution  from  an  inverse  square  root  variation  to 
a  nearly  uriform  variation?".  Ihc  problem  is  discussed  further  in 
Appendix  C. 
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APPENDIX  C 


THE  I.ITERREIATTON  OF  INDUCED  PRESSURE  AND  SURF  ^CE  INJECTION 

Searching  for  a  phenomena  >vhich  Is  capable  of  altering  the  nor.-uniform 
blowing  distribution,  the  question  arises  as  to  whether  the  viscous  boundary 
layer-inviscid  external  flow  interaction  ca'n  no  longer  oe  neglected. 
Specifically  we  deal  with  the  pressure  interaction  produced  by  the  outward 
streamline  deflection  caused  by  tl:s  surface  boundary  layer.  This  phenomena 
is  known  tc  exist  on  slender  bodies  at  hypersonic  speeds  and  tow  Reyno'ds 
numbers.  This  type  of  pressure  interaction  is  classified  as  "boundary  layer 
Indijcsd"  since  the  distiir nance  of  the  external  flow  field  is  due  to  th.» 
distribution  of  boundary  layer  displacement  thickness.  The  result  anticipated 
is  that  the  induced  pressure  distribution  modified  the  Injected  coolant 
distribution  in  the  forward  areas  of  the  cone  such  that  a  more  nearly  constant 
! invariant  with  distance  aiong  a  ray>  blowing  distriuutton  results.  The 
Inti-.er  requires  an  induced  pressure  which  decreases  with  Increasing  x. 


The  analysis  wh*ch  follows  is  adapted  from  Reference  34,  extended  to 
include  surface  mass  addition.  It  is  developed  within  the  framework  of 
classical  boundary  layer  analysis  In  which  the  boundary  layer  Is  considered 
separately  from  the  external  flow  field.  Since  the  streamline  deflection 
produces. a  new  body  shape,  we  replace  the  boundary  and  the  boundary  layer 
with  an  equ'valent  body  submerged  in  a  InvIscId  flow  in  order  to  estimate 
the  Inviscid  flow  pressure  distribution.  Thereforei 


e  e  e 


cone 


IC.I) 


where  ?  is  the  total  flow  deflection,  S  -  the  cone  half. angle,  and 
8  .  the  boundary  !bytr  displacement  thfckness.  In  Reference  34  the 
pressure  is  assumed  to  be  a  unique  function  p(0)  of  the  local  total  flow 
deflection  and  is  expressed  as  a  Taylor  series  expansion  In  powers  of 
d8*/dx  in  the  form 


(C.2» 


Higher  order  ‘erms  may  oe  included.  These  te.-ms  were  found  to  be  negligi'ble 
for  present  purposes.  The  subscript  "invisc"  refers  to  a  conical  surface 
pressure  in  fhe  absence  o'f  viscous  effects.  The  inviscid  cone  pressure 
and  fhe  derivative  in  the  square  brackets  vwre  eveluoted  numericolly  from 
the  Taylor Jfaccol I  solution  (Reference  35). 


Applying  the  Wangler  transformation  to  the  boundary  layer  solution 
of  Emmons  and  Leigh  fcr  similarity  Injection  IReference  33), 


30 


*  0f  / 

/  — l: . -  ,c.^« 

I  P 

whereof  ^  i n  r.-rimct^r  dep^ndino  on  tne  blowinq  rpte  f  ,  ^The 
'inflly^^is  presen*od  in  Appendix  ?  was  not  to  he  used  since  S  does 
not  aopenr  explicitl'/  in  the  anniysis.  The  properties  are  evnipjated 
3I  the  rofertt'c*!  tmiXilMy  qlve!'.  cnpcr Ica!  !y  by  Ifckert^®  as 

h**  =  (h.  +  h  •!  +  0.^?  th  -  h.t  (C.4) 

?  •■>  V  aw  6 


^...  “  fount, ions  (C-41  and  (C-S)  "•ay  be  combined  t"  yield 


I  ? 

^  =  I  *  0.7?  ^Pr  lY  -  II  K-\  . 


If  the  viscoEify  is  tp'.-en  to  vary  linearly  with  temperature,.  Equation 
(C-7)  may  ^  written 


•  f  I — ?  1 

=  — ^  I  +  0.7?  JPr  (Y  -  •>  -t/ 

L  1  •  «  J 


ror  .‘.',^>1,  we  may  neglect  the  one  ir.  the  square  brackets  and  evaluate 
the  expression  fo-*  Pr*  =  0.7,  With  this  assumption,  Equations  IC-2) 
and  IC-71  are  combined  and,  utter  numerical  evaluation  of  the  appropriate 

terns  in  Equation  (C-2)  IV  »  5,  0  =  0.l“),  yield! 

d)  c 

^ -  =  \  *  rs=i  *  I  +  0.ie5^tJ[  IC.81 

^invisc  TfRe, 

where  X.  's  the  usual  hypersoi'ic  viscous  interaction  parameter  Re.*, 
The  ad'jitional  vecn  number  factor  appears  as  a  res^t  of  the  pressure® 
derivative  In  Equation  (C-2).  For  zero  injection  =  1,73/2  -  0,87 

so  the  'nduced  press'jre  ratio  is  given  by 


'*'1  nvi  sc/ 


e  0, 1  d  , 


®'='f  =0 


Equation  IC-Sl  is  plotted  in  Figure  32  for  zero  injection  and  three 
cone  Injection  rates.  The  induced  pressure  ratios  arc  significant  and 
have  several  mi«s!!e  design  ImpI  iri'tions,  A  mear  line  through  the 
available  data  on  induced  pressures  on  sharp-nosed  cones  as  summarized 
by  Reference  34  is  also  presented  which  tends  to  confirm  Equation 
(C-91,  Using  the  experimental  values  of  It.  *  4.33, R  /in  =  0,18  x  10®, 


4 


th?n  at  K  I  inch  the  value  of  X  '*  0.19.  Far  zero  injertlan  th’ 
’nducerf  pres^iure  ratio  is  founo  from  Equation  tC-9)  to  be  '.03  At 
an  f^  of  1,^,  the  corresponding  ratio  is  1.09.  Neither  grti-ou  e  increase 
appear*  capable  of  altering  the  biowing  distribuiion  althoiign  *he  actual 
ultimate  ef feels  cf  the  external  pressure  variation  depend  ui  a  comparison 
of  the  Iccol  external  pressure  and  the  mass  flux  pressure  drop  character¬ 
istics  of  the  porous  surface. 
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COf;RElA-ION  OF  PEP>/EABIIITY  WE ASUQEVENTS  OH  THE  P090US  CONE 

In  insure  un.jBrstandinc;  of  fho  physical  pherpnnena  <3 

suniTary  of  per  t) '  r.  t  en  t  fcrmulrts,  on  which  permeabi  !  I  ty  ,corre  I  at  ions 
are  bnse'l,  ire  presented  here  in  advance  of  the  actual  data. 


a .  High  dens! ty  pice  flow 


The  Hngen.Pc’ set- 1  n  e  result  for  fully  developed  viscous  flow 
in  a  tube  is  crn'rrcniy  written  ns:  ' 

A  ^ 

-J  T  ilL'l.  :le.  ^  V,  •,  (D.I5 


IV 


.'t 


where  0  vn'u'netrlc  rate  cf  flow,  r  -  tube  radius,  t  “  tube  length, 
7  =  the  d'ea.i  velocity.  Inlroducinq  the  mass  flux,  pv,  we  may  write: 


— r  dp 

P  '  P 


dt  ‘ 


ID-2t 


Then  for  isothermal  r'*ov.7  Eg. ‘ID-7r**(h(fy  *i?r*f'TTtvgf','t-r>over  •!!»»  complete 
path  to  yield: 


tD-3) 


where  the  subscripts  u  and  p  refer  to  upstream  and  downstream 
positions.  The  ferm  (r.  the  square  brackets  ncy  be  factored  such 
that  it  physically  represents  the  average  pressure  Miultiplleo'  by 
the  overage  pressure  gradient 


.  Despite  this  feature,  Equation  (0-3) 
independent  of  pressui^e  level. 


is 


b,  L_tw_d2nc2Jijf_2_?££_IiI21 

Hagen’s  derivetion  was  repeated  by  Kundt  and  Warburg  with  the 
modification  the*  the  velocity  of  the  gas  In  contact  with  the  tube 
is  tikeh  as  f_  Instead  of  zero  when  the  mean  free  path  is  comparable 
with  the  tu&e''rad!.js.  The  result  of  the  culculoliori  as  expressed 
in  Reference  3f  is 
.ir  l2 
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res'star,  ei.  o-j  'r  f  "  ‘‘.nd*',  s‘m**a.'  *j  ■?.?  i'pe  f’o*  type,  such  that 
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where  (L. '4"^  ’  ‘hf  v'j-ves  ;ie 'f'c’eot  ar  d  (L./A)  ts  the  !nert?a 'roefflctent, 
Dcth  fhei);-  .-ee  . 'r!!*  i  have  d'mer.siors  if  'ehg-h,  I*  fscthermai  flow  .-f  a 

perfec'  ga‘-  <  sserrad,  £q  :at ’cn  '  f5t  may  be  integrated  over  the  .Comp!«te 
palt.  t : 
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I  tie  Linkpown  teci;!*!  er.^eririg  Into  the  Reynolds  number  expression  is 
then  related  li'r^otly  to  the  ratio  of  the  inertial  and  viscous 
resistance  ecc f f  ic  i ents.  The  ratio  of  pressure  forces  to  inertia 
fortes  niay  be  used  to  define  a  friction  factor,  which,  according  to 
Equation  IT-ft;  yields: 
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dhere  the  term  applies  to  the  viscous  reyime  and  the  unit 

factor  applies  to  UiC  inertial  regime. 


Hisror'tdi  I  y,  studies  of  flew  through  porous  media  have 

presented  torrelaticns  of  permeobl 1 1  tv  data  by  means  sf  a  single, 
geometr  Iral  I  /  rreasi.s'ahle  dimersion  taken  as  character  is*  Ic  of  tte 
porous  material.  This  approach  is  vulio  only  within  a  specific  flew 
regime.  The  presentation  in  equations  ID-/)  and  10-8)  require  two 
rh-;rarterls!ic  length  parameters  Experimental  oeterminat ’ons  ef 
these  two  pnrame*<'«  require  an  extended  range  of  flow  rati.-s,  i.e., 
a  maylmum  to  mintmjm  ra*?o  Of  10^  to  10“’,  encompassing  both  regimes. 
Since  the  present  irvestigatton  covers  only  the  viscous  regime,  a 
single-parameter  correlation  should  be  adequate. 

u.  Lew  dedj'tv  flow  through  porous  media 


neglecting  ncth  th*  inertial  and  momentum  change  teems.  Equation 
(0-d)  reduces  t. 
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vn ' «nai yt ii;n;  exfenrion  Of  this  expression  tc  include  slip  effects 
exists.  A  compar’son  qt  Enuations  '0-3),  (0-4)  and  (0-9)  reveals 
the  basis  similarity  of  the  structure  of  these  equations.  By  analog/, 
we  may  write  Ihe  »o'!ov/ing  equation  (or  low  density  flow  through  a 


porous  medio  (wMh  1. 
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This  excressioa  may  be  considered  as  a  one  term  Taylor  series  expansion 
of  Equatio''  . 9!  in  terms  of  the  Knudsen  numbe-i- 
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APPENDIX  E 


VODEl  PEWEAB;L1TY  calibration  a  I  LOW  PRESSURES 

'ne  16^  prr&ijt  core  was  mounted  in  an  available  calibra'^on  thamber 
as  shown  in  Figure  35.  chamber  was  connected  to  a  vacuum  pump  -  the 

chamber  pressu'c-  was  centre-;  led  by  mea.-.s  of  a  gate  valve.  The  mode!  r’ass 
flow  was  con’ro'Icd  by  means  of  the  samt;  sonic  orifice  as  used  in  tre 
heal,  transfer  and  ‘rans'tion  studies.  Air  w-"*  useo  as  the  calibrat'en 
fluid.  The  basic  data  taken  were  total  injected  mass  flow,  mode!  interna! 
pressure  (p  !  and  msdcl  external  pressu-s  (chamber  pressure  p^i.  The 
exper imentai  method  used  consisted  of  varying  the  Injected  mass  flow  while 
holding  the  cnamte;"  pressura  constant,  Chan.ber  pressures  of  I,  1,5,  2, 

*4,  S,  13,  30  ar.vj  centimeters  nf  mercury  absolute  were  studied  in  orde- 
to  vary  the  average  density  of  the  Injected  fluid.  For  reference,  the  cone 
surface  pressure  ip^  ;r  p.)  as  calculated  from  the  Tu,  lor-WaccOl  I  theery 
was  0,48  cm,  Hga  dui‘ing  the  wind  tunnel  hv-st  transfer  studies.  The  mean 
free  path  at  this  pressure  at  normal  temperature  Is  approximately  3.8  x  10”^ 
inch.  Figure  34  shows  a  photomicrograph  of  the  porous  cone  surface.  The 
average  roughness  height  as  measured  by  a  Brush  surface  profilometer  with 
a  500  microinch  radius  stylus  was  60  micrcinches  10,6  x  10"^  in).  The 
discrepancy  te'ween  this  'ength  and  the  pore  size  observed  in  Figure  34 
i approximate ;  y  I  ?o  3  X  lO"^  ifui  implies  that  the  instrument  stylus  •!»*» 

Is  not  correctly  matched  to  the  roughness  being  measured. 

The  resul*s  nf  the  permeability  calibration  are  plotted  In  Figures  35 
and  36,  The  ef<ect  of  slip  Is  apparent  In  view  of  the  departure  of  the 
data  from  tht  solid-line  continuum  theory  which  has  a  slope  of  unity.  The 
permeability  distribution  conditions  of  Figure  14  are  indicated  by  a  cross 
symbol.  With  o  downslream  pressure  of  0,48  cm,  Hga,  the  model  Internal 
pressure  varies  from  0,59  cm,  Hga.  to  5,24  cm,  Hga,  This  means  that  the 
pressure  drop  varied  from  20  percent  to  1000  percent  of  the  invlscfd 
static  pressure.  Induct'd  pressures  (see  Appendix  C)  3  to  9  percent  higher 
would  not  alter  the  blowing  dlstripution  for  either  the  maximum  or  the 
minimum  'n jest  ion  ra*es  so  that  induced  pressure  effects  were  eliminated 
as  a  source  of  injected  mass  flux  re-orientation. 

Using  the  atmospheric  data,  the  viscous  resistance  coefficient  length 
L.  was  calculated  tn  be  !.l  x  10"^  in.  which  yields  an  effective  tube  radius 
of  0.78  X  10“^  in.  Assuming  a  reflection  coefficient  of  unity,  the  second 
term  In'  the  square  brackets  In  Equation  (0-10)  varies  from  0.120  at  en 
average  pressure  of  alifiospher'ic  to  17.2  at  an  averoge  pressure  of  0,53  cm, 
Hga.  I  the  lowest  win.j  tunnel  test  Injection  rate)  and  3,2  at  an  average 
pressure  of  2,86  cm  Hga.  (the  highest  wind  tunnel  test  Injection  rate). 

’’his  means  that  the  permeability  distribution  measurements  were  taken  under 
continu'jm  conditions  while  the  wind  tunnel  experiments  were  performed  In 
the  "slip  flow"  or  "molecular  effusion"  range. 
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C’'jr!nn  t'lo 


♦c.''n  In  E-juat’or  (0-10)  is  domln.int 


Ibf  t-of -r.' s'>  c,'*  Eci.’a'’on  (D.(0)  in  correl -T 1 1  itg  th?  perrreab  M  i  ty 
dal'  i?  •  Vt.', -I  a  I  *  c  in  V,,  The  devi.ltion  of  the  data  from 

fho  thf'-,,'e' '..-a’  s'lpe  of  I'nvty  at  very  lov.  pressures  (in  the  noleriiK-r 
f  I  ovj  reqime  •,o'I’'.ions  between  the  molecules  are  rare  as  compared 

with  the  (re.-'ien;y  'H  cbl'isions  with  the  wails)  is  partially  due  to  !he 
fi'iite  Ih  •  •:!<,■••.■  ■■  c>  por.ous  sur-  re  •  non-or  I  f  i  ce  effects)  t-.s 

r»  la.;  I  -  -I  ’r  t'-f  V’. 


T'-s  ir-T*  c.uei*'c.'  to  be  considered  concerns  the  effec*  of  "slip" 
on  the  tf'srnn!  hea'  exctange  between  the  Injected  fluid  and  the  porous 
wall^  A, -I  assump*  ior  wn;  made  in  the  data  reduc>'ion  prpcedure  that 
the  tempera  tore  rf  tie  in-ecled  fluid  eifalled  that  of  the  porous 
.wi'll  at  M'd  cciid  nf  eme.-(jo,,cs4  ho  experimental  evidence  was  gathered 
cn  th :  s  .'e-ilo' Cut  du  d  adoor  a  r  ither  circulatory  argument  here 
hy  rcUlnq/jp  >he  sgreermi*  betwe“r.  the  lowest  Injection  rate  heat 
tr.ansfer  dai,)  'I'.r  the  Chfpman  and  (tubesln  theory.  This  agreement 
inters  it  -  UTturpt ’c-.-,  •;totrd  •hovp  In  valid  tor  all  Injection 

r.ates  si’ce  tti«  Ir.wssi  generate*  the  iraxlmum  "slip"  effect. 
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